Introduction
Randomized clinical trials in head and neck cancer (HNC) have demonstrated a detrimental effect on tumour control and overall survival from prolongation of overall treatment time (OTT) during radiotherapy [1] [2] [3] . Such findings have been supported by further clinical studies [4] [5] [6] [7] , and it has been estimated that one missed treatment day may decrease the absolute local control probability by 1.4% for carcinoma of the larynx [8] and 3.3% for nasopharyngeal tumours [9] . Correspondingly, Withers et al [10] and others [11] showed that a dose increment of about 0.6 Gy is required to compensate for tumour cell proliferation in head and neck cancer patients per day the OTT is prolonged. Recently, prolongation of OTT as a cause of treatment failure has also been demonstrated in breast [12, 13] and prostate cancer [14] . Thus, precautions must be taken in daily clinical practice to avoid prolongation of radiation treatment time.
Various practical measures have been used and recommended to compensate for missed treatment days in head and neck radiotherapy [15, 16] . In 2002, national radiotherapy guidelines for HNC from the Danish Head and Neck Cancer Group (DAHANCA) has thus recommended that compensation for missing fractions should be given as quickly as possible, and ideally within a week, if clinically applicable, by delivering an additional fraction during weekends or two fractions in one day, six hours apart. A quality assurance standard from DAHANCA of the OTT has also been set at 41 days for moderately accelerated radiation treatment (6 [17, 18] . The IMRT update of the DAHANCA guidelines in 2004 further specified that no more than 13 fractions should be delivered over two weeks and that large treatment breaks required a change of the fractionation schedule [19] . An overview of treatment regimens specified by DAHANCA and followed in our department is given in Table 1 .
In 2013, guidelines recommend to minimize treatment time by never starting a treatment course on a Friday or finish on a Monday. Furthermore, moderately accelerated patients should receive at least 3 fractions before the first weekend break. OTT exceeding 41 calendar days for moderately accelerated patients or 48 days for normal fractionation patients is defined as a minor protocol deviation. A major protocol deviation is reported if OTT exceeds 46 calendar days for moderately accelerated patients or 53 days for normal fractionation patients [17, 18] .
Hence, the importance of minimizing OTT is well documented. However, due to a variety of reasons such as acute toxicity, comorbidity, family events, social issues, machine breakdown etc. [19, 20] , it is inevitable that treatments are missed on specific occasions. The purpose of this study was to assess whether OTT of radiation treatment during a 15-year period in our institution was in adherence with the national DAHANCA guidelines and to propose weekly surveillance of individual radiotherapy treatment calendars as a means to reduce breaches of OTT.
Material and methods

Patients and treatment technique
This study included all 2011 curatively treated head and neck cancer patients in our clinic in the period 2003-2017. Data were extracted retrospectively from the departments' record and verification system database, Mosaiq (Elekta AB, Stockholm, Sweden). All patients were treated according to the DAHANCA guidelines version 2002, 2004 or 2013 [17, 19] shown in Table 1 . Prior to 2007, conformal 3D technique was used to deliver conventional 2 Gy fractions. From 2007 onwards, simultaneous-integrated boost (SIB) was used for intensity modulated radiotherapy (IMRT) and volumetric-modulated arc therapy (VMAT). The DAHANCA guidelines interpret the prescription dose as the mean dose to the CTV with coverage by 95% of the prescription dose to 99% of the CTV volume, in accordance with ICRU recommendations.
Deviations in OTT, as specified in the 2013 DAHANCA guidelines, were evaluated for each patient. Thereby, it was possible to disentangle the effect of awareness and surveillance of OTT introduced in 2016 from the effects of increased linear accelerator (linac) capacity in 2007 and changed scheduling of QA procedures from 2013.
The accelerated (total 1220) and non-accelerated (total 791) patients were divided into four groups according to temporal milestones: Group A was treated prior to 2007 when the department experienced a shortage of linacs, Group B belongs to the era of increased linac capacity (2007-2012), Group C was treated in the era of the 2013 DAHANCA guidelines (2013-2015) with increased focus on OTT, and Group D (2016-2017) was treated in the era of awareness and weekly surveillance of OTT.
Surveillance of treatment calendars
In February 2016, an active surveillance of all HNC treatment schedule deviations was introduced in our department. Two radiation therapists (RTT) alternated in performing a weekly survey of patients in the Mosaiq system by running a customized report for each patient undergoing treatment. In case of deviations from guidelines, the RTTs would adjust the patient's treatment schedule with one day of double-fractionation per week, following written instructions from DAHANCA [17, 18] that no more than 13 fractions should be delivered over two weeks. Larger treatment breaks owing to acute toxicity, hospitalization, machine breakdown or patient requests, requiring a further change of the fractionation schedule were discussed with the radiation oncologist.
Statistics
The differences in OTT between the four groups were tested with one-way ANOVA and the test of equality of variance was tested with the Leven's test. Differences in mean between pairs of groups were tested with Students t-test. Differences in the frequency of deviations were tested with a Kruskal-Wallis test, and the 68% confidence interval (CI) was calculated as the exact binomial test. The significance level was set at 0.05. Conventional fractionation  66  33  2  5  46  23  2  5  48  68  34  2  5  46  23  2  5  48  66  33  2  5  48  24  2  5  48  68  34  2  5  48  24  2  5  48  Moderately accelerated  66  33  2  6  46  23  2  6  41  68  34  2  6  46  23  2  6  41  66  33  2  6  48  24  2  6  41  68  34  2  6  48  24  2  6 
Results
The largest OTT was observed in 2007 for both accelerated and conventional head and neck treatments. The mean OTT for accelerated treatment was 40.3 days ± 0.1 (std. error), 39.4 ± 0.1, 38.8 ± 0.1 and 38.2 ± 0.1 in group A, B, C and D, respectively. The differences in OTT were highly significant (p < 0.001) between all groups (one-way ANOVA) and between any pairs of groups. The mean length of accelerated treatment courses was reduced from 40.9 days in 2007 to 38.8 days in 2015, and to 38.3 days in 2017 (Fig. 1) .
For (Fig. 1) .
The frequency of minor protocol deviations was significantly reduced over time except between group B and C for accelerated patients. Minor protocol deviations were reduced from 31% in group A to 3% in group D for accelerated patients and from 66% in group A to 13% in group D for conventional patients (Table 2) . Major protocol deviations were observed in 3 and 27 cases for accelerated and non-accelerated patients, respectively. For the non-accelerated patients the majority of these major deviations were observed in 2007-2009. After the introduction of the systematic RTT review of treatment schedule, the fraction of treatment course time violations was further reduced to 3% for accelerated treatments, and to 13% for the conventional treatments (Fig. 2) . No major deviations were observed after initiation of the systematic review.
The surveillance procedure took in total 5-15 min for an RTT to perform per week for all patients on treatment. It was possible to compensate most violations defined by the national guidelines, but for the last 3% (conventional regime) and 13% (accelerated regime), OTT was prolonged, mainly due to clinical decisions by the treating oncologist.
Discussion
OTT is an important factor for loco-regional tumour control and survival after radiotherapy. In this study, we demonstrated that OTT can be effectively reduced with a minimal effort of awareness and surveillance of the treating staff of the radiation treatment unit. An increase in OTT was observed in this study from 2003 to 2007, likely due to an increased demand for RT in general and a general lack of linacs and staff, a problem that was described in the Danish National Cancer Plan I. In 2007, the national cancer plan funding had resulted in an increased number of treatment machines and associated staffing. At the same time awareness of the importance of minimizing OTT rose and consequently, the frequency of fraction protocol deviations, and thus OTT, decreased from 2008. It is obvious that in order to compensate for missed fractions or treatment interruptions, appropriate treatment time slots must be available. Thus, linac capacity plays an important role in ensuring OTT guideline compliance.
In 2011, the revision of the DAHANCA radiotherapy guidelines sparked an external audit of treatment protocols, including DAHANCA10, which showed that protocol deviations in OTT varied between centres [19] . This led to increased awareness of OTT, resulting in a further decrease in fraction protocol deviations and OTT. This was achieved by scheduling department service and QA to outside clinical hours to allocate more treatment slots during day-time. It was furthermore requested that head and neck patients were moved to another treatment machine in case of emergency break down to avoid treatment gaps and theoretically minimizing the risk of repopulation during treatment.
Increased treatment capacity by obtaining more linacs and employing more staff is expensive, but necessary to reduce OTT. Although the treatment capacity became sufficient over the years, a survey initiated after a DAHANCA QA audit in 2015 revealed a surprisingly high fraction of patients not adhering to the OTT guideline without any apparent reason. Investigation of individual patient treatment schedules in our department showed that the guideline threshold of 41 and 48 days was always secured initially in our booking system. Yet, upon completion of their radiation treatment course, up to 20% of patients still had OTT protocol deviations due to rescheduling or unexpected missed fractions. These deviations were almost eliminated through our weekly surveillance by RTTs. The strategy to perform a weekly surveillance described in this study demonstrated efficiency at a very limited cost to reduce OTT in a large cohort of patients; surveillance of the individual patient schedules required only a total of 5-15 min of RTT time per week. The clinical benefit of the RTT surveillance strategy may be determined from a radiobiological point of view. Approximately 0.6 Gy is lost per day that OTT is increased due to tumour cell proliferation, negatively affecting the probability of tumour control as concluded from reviews by Gonzales Ferreira et al. [20] and Bese et al. [21] . Local control rate would decrease by approximately 10% per month in a typical series of patients with carcinoma of the tonsillar region, dependent on tumour doubling time [4] , as described by Bentzen et al. [11] in carcinoma of the oropharynx. Reducing OTT for accelerated treatments by 2.2 days from 2007 to 2015 meant that a mean loss of 1.3 Gy in radiobiological treatment efficacy was eliminated for the cohort. Correspondingly, a mean loss of 2.0 Gy in radiobiological efficacy was eliminated for conventional treatments in the same period without increasing late toxicity probability as mean OTT was shortened by 3.4 days.
Time from diagnosis to initiation of radiation treatment also plays an important role for survival in head and neck cancer [22] . Modern treatment planning for HNC includes imaging of multiple modalities such as PET/CT and MRI, often performed in different departments of the hospital. In treatment planning, imaging is followed by delineation of organs at risk and target structures, dose planning and plan verification; a process where the patients plan changes hands several times. To minimize time wasted in the pre-treatment phase, all steps and their time components in this process should be optimized for the full treatment to be as effective as possible. Thus, fast track programs have been initiated, where time from suspicion of head and neck cancer to initiation of primary radical treatment has been reduced considerably [23, 24] . Over the time period investigated in this study, the treatment planning time between CT and the first fraction has decreased from up to 10 calendar days to a maximum 7 calendar days presently, i.e. a patient CT scanned on a Monday will receive the first treatment fraction the following Monday.
This study has demonstrated that by investing in linacs and staff to secure sufficient availability of treatment slots in a radiotherapy department, it was possible to decrease OTT. However, this did not in itself ensure that HNC patients were treated as rapidly as possible; awareness and surveillance of patients treatment schedules added further significant reductions in OTT. Based on the literature, other indications, such as breast and prostate cancer, are likely to benefit from surveillance of radiation treatment schedules as well.
Conclusion
Awareness and weekly surveillance of individual head and neck radiotherapy schedules significantly reduced the OTT, which was considered radiobiologically and clinically meaningful, by recognizing possible causes that may have led to treatment gaps. The effort comprised a minimal financial burden to the department. Therefore, guidelines for maximum overall treatment time should be complemented by local procedures to eliminate treatment delays.
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